ABSTRACT A wideband 3-dB coupler using substrate integrated gap waveguide (SIGW) is proposed based on the principle of the branch-line coupler structure. The SIGW coupler design is comprehensively studied. It is found that SIGW conducting ridge vias play a significant role and have a strong impact on the cavity resonance, passband, and impedance matching. A prototype of the proposed SIGW coupler is fabricated and tested, and the measured agrees well with the simulated. The coupler, better than the reported, has a passband of ∼5 GHz from 23.59 to 29 GHz with the isolation above 20 dB, covering the 24.25-27.5-GHz and 27.5-28.5-GHz frequency bands of 5G.
I. INTRODUCTION
With the deep integration of mobile communication and the internet, as well as the rapid development of Internet of Things (IoT), the huge accesses to intelligent terminal equipment and the wireless data traffic grow exponentially. The fourth generation (4G) mobile communication technology has been unable to satisfy the demands of the low delay, high capacity and large connections. Thus, the fifth generation (5G) communications directing at 2020 and beyond has been begun to investigate, which will overcome the 4G disadvantages. The millimeter wave technology is critical for 5G communications, such as to increase the data rate [1] . Some millimeter wave frequency bands for 5G have been issued, including 24.25 GHz-27.5 GHz, 37 GHz-40.5 GHz and 42.5 GHz-43.5 GHz bands proposed by International Telecommunications Union (ITU) and the 27.5GHz-28.5GHz frequency band proposed by Federal Communications Commission (FCC) [2] .
For the applications of the 5G communication systems, the functions of isolation, mixing and separation of the signals, as well as the acquisition of the amplitude and phase of the signals are essential, resulting in the directional couplers being a critical device. In recent years, the couplers based on waveguide and microstrip have been made remarkably in low frequency band [3] - [5] . However, traditional metal waveguide couplers suffer from the problem of the planar/nonplanar integration, as well as the expensive and complicated fabrication; while the microstrip couplers experience high loss in millimeter wave frequency band.
Therefore, the couplers suitable for millimeter wave communications are demanded. Substrate integrated waveguide (SIW) enables the planarization and integration with low transmission loss for millimeter wave applications [6] , [7] . A mass of couplers based on the SIW have been designed, which were realized with either single layer [8] , [9] , or double layer [10] , [11] or two vertical SIW structure [12] . In addition, a half-mode SIW structure was also adopted to design the couplers [13] , [14] .
Gap waveguide (GW) was proposed in 2009 [15] , which has lower transmission loss than that of the SIW. Also the perfect electric conductor (PEC) and perfect magnetic conductor (PMC) electric contact are not necessary. In addition, the GW transmits the quasi transverse electromagnetic (Q-TEM) mode wave, and has no mode conversion loss when integrated with TEM/quasi TEM lines, such as microstrip lines. Recently, two kinds of realization of gap waveguide were proposed for coupler designs: One is based on the aperture coupling theory [16] , [17] ; and the other is based on the conducting ridge [18] , [19] .
Unfortunately, this kind of GW is bulky and does not have stable gap in height.
In 2012, printed ridge gap waveguide (PRGW) [20] was proposed, and the PRGW coupler was also designed, which has a small footprint but the gap is still with air [21] , [22] . In 2016, it was proposed that the air gap is replaced by dielectric-slab, which is called substrate integrated gap waveguide (SIGW) [23] , thus a more stable gap height and additional design freedoms were achieved. Since then, the passive devices including the antennas and filters on the basis of the SIGW have been proposed [24] , [25] .
In this paper, a wideband SIGW coupler is proposed. The impedance characteristics of the proposed SIGW coupler are analyzed using the theory of the branch-line coupler. A design is first simulated, and then a prototype is fabricated and characterized. The simulated and measured results are compared and discussed. The structure and simulation analysis are presented in Section II, and the effect of vias used for SIGW on cavity resonance is discussed in Section III. Section IV shows measurements, with comparison with simulation. Furthermore, the designed coupler is compared with SIW, GW and PRGW coupler. 
II. PROPOSED STRUCTURE OF SIGW COUPLER A. STRUCTURE OF THE PROPOSED SIGW COUPLER
The proposed wideband SIGW 3-dB coupler is shown in Fig. 1 , which consists of two layer dielectric substrates. The upper layer is used for electromagnetic coupling and electromagnetic band gap (EBG) cells. The electromagnetic coupling is an H-type structure which is composed of the microstrip printed on the bottom of the upper substrate and the metal vias on the microstrip, forming the conducting ridge of the SIGW. The H-type electromagnetic coupling structure is surrounded by two type-I EBG (I-EBG) arrays of functioning PMC of SIGW structure. Both I-EBG array contain three rows EBG cells. Also, four type-II EBG (II-EBG) cells with different period from I-EBG are set between the coupling ridge of the H-type electromagnetic coupling structure, functioning isolation between two adjacent ports.
The I-EBG and II-EBG have the same dimension, but the different EBG period. The top of the upper substrate and the bottom of the lower substrate are both PEC. The upper substrate is used for PMC and PEC, and the lower substrate is used for the gap layer, which replaces the traditional air gap. The upper layer substrate is Rogers RO4350B substrate with height of 0.762 mm, and the lower layer is Rogers RT/duroid 5880 with height of 0.508 mm. The conducting ridge with vias of the SIGW is composed of the microstrip with the metal vias, which differs from the traditional metal ridge. The I-EBG periodic cell is simulated with the CST eigenmode solver. Fig. 3 (a) presents the dispersion diagram of the I-EBG cell in Fig. 2 (a), which shows the band gap from 19 to 31 GHz. Fig. 3 (b) presents the dispersion diagrams of the SIGW unit cell with a microstrip, and the blue dashed line with star is the Q-TEM mode transmission in the SIGW.
For the best impedance matching, the conducting ridge width of SIGW is optimized to be 1.7 mm. The characteristic impedance of microstrip line without EBG in Fig. 4 (a) is also simulated, and the impedance is compared with the characteristic impedance of SIGW conducting ridge in Fig. 4(b) . The comparison shows that the two impedances are very similar and differ by ∼1 ohm in the frequency of considered band. In addition, SIGW transmits the Q-TEM mode, which is similar with microstrip line. Thus, the characteristic impedance initial width of SIGW conducting ridge can be calculated using the microstrip line theory. The characteristic impedance VOLUME 6, 2018 of a single stripline is given by [26] :
and
As well as
0.053 (6) where ε r is the dielectric constant of substrate, ε re is the effective dielectric constant, h is the height of substrate, and W m is the width of microstrip line. In the designed SIGW structure, the microstrip is connected with metal via in the upper substrate. Thus the height h and dielectric ε r are dependent on the upper substrate. Therefore, ε r is 3.48, and h is H2, equal to 0.762 mm. The microstrip line is required to match with the port of 50 . Therefore, the initial width W r of the conducting ridge of the SIGW is calculated to be 1.73 mm using (1)- (6). To further optimize the width, a correction factor a is introduced in the calculation of the width of SIGW, i.e.
For the best impedance matching, it is found that the factor a is around −0.02, and thus the width of conducting ridge is 1.7 mm. The dimensions of the I-EBG cell and the width of conducting ridge are listed in Table 1 . Furthermore, for the SIGW shown in Fig. 2(b) , the E-field distribution in SIGW at different frequencies and the E-field distribution in the transverse plane at 26 GHz are presented in Fig. 5 and Fig. 6, respectively. Fig. 5 shows that the designed I-EBG cells can effectively suppress the electromagnetic radiation from 20 GHz to 32 GHz, which is consistent with the simulated bandgap of EBG cell in Fig. 3(a) . It is seen that part of the power is radiated to two sides of the ridge at 19, 33, and 34 GHz, i.e. out-of-band. Also, Fig. 6 clearly shows that the wave just propagates along the ridge. 
C. THEORY OF THE PROPOSED SIGW COUPLER
The part of the enlarged SIGW coupler in Fig. 1 is shown in Fig. 7(a) , which is a reciprocal four-port network similar to the microstrip branch-line coupler shown in Fig. 7(b) . There are vias on the microstrip line of the SIGW, which differs from the microstrip branch-line coupler shown in Fig. 7(b) .
The microstrip branch-line coupler shown in Fig. 7(b) is a reciprocal four-port network, which can be realized with the S parameters conditions of S14=S41=0, S23=S32=0 and Sii=0 (i=1,2,3,4) [27] . The phase difference ϕ between the through and coupled ports can be π/2 or π. For the branch-line and proposed SIGW coupler, ϕ is usually chosen π/2. The length of the branch-line and parallel intervals in branch-line coupler are both λ g /4 (λ g is the central wavelength of the passband) and the characteristic impedance Z 0 of the microstrip is 50 Ohm. In Fig. 7(b) , the characteristic impedance Z 1 of the branch-line is Z 0 / √ 2, which determines the width W 1 , while the characteristic impedance Z 2 of the parallel intervals is equal to Z 0 , which determines the width W 2 [27] .
For the SIGW coupler shown in Fig. 7(a) , the lengths of the branch-line and parallel intervals, L and W, are not exactly equal to the λ g /4. To design the SIGW coupler efficiently, two correction factors are introduced. The dimensions of W and L shown in Fig. 7 (a) are assumed to be:
where b and c are another two correction factors. The initial values of b and c can be set 0, but the final values need to be optimized based on the best performance in passband and isolation. For the equal power division, the optimized values of b and c are found to be 1.32 and 0.44, respectively, which result in the best performances in passband and isolation. For the SIGW coupler, the branch-line and parallel intervals are respectively Z s1 and Z s2 in impedance, which are respectively related to the widths of W s1 and W s2 . The impedance of Z s1 and Z s2 is simulated with HFSS and the comparisons with Z s0 are shown in Fig. 8 . The two ratios of Z s2 /Z 2 and Z s1 /Z 1 , which are very close to one, show that the two impedances of the SIGW coupler are almost the same as that of the branch-line coupler [27] .
The dimension of the slot between the branch-line, W slot and L slot , changing with W, L, W s1 and W s2 is:
where the optimum W s1 is 1.35 mm, and W s2 is 0.85 mm. VOLUME 6, 2018 FIGURE 8. Impedance ratio of the branch-line and parallel intervals in Fig. 7 . 
D. ANALYSIS OF THE PROPOSED SIGW COUPLER
The structure of the upper substrate of Fig. 1 is shown in Fig. 9 . The length of the branch lines L and length of the parallel intervals W are given by (8) and (9) respectively, and the sizes of the EBG cells are the same as the I-EBG cell in Fig. 2(a) . In addition, the input port 1, through port 2, coupled port 3 and isolation port 4 are considered in Fig. 9 . The dimensions of Fig. 9 are given in Table 2 . With the optimized dimensions, the proposed SIGW coupler is analyzed. The simulated scattering parameters and phase difference between the through and coupled ports are presented in Fig. 10(a) and Fig. 10(b) , respectively. Fig. 10(a) shows that the proposed coupler presents an equal power division in the passband from 23.97 to 29.82 GHz, and the isolation of more than 20 dB between the input and the isolated port. The additional losses for the both through and coupled port are about 1.4 dB. Fig. 10(b) shows that the phase difference between the through and coupled port is 90 0 or −270 0 . Moreover, Fig. 11 presents the E-field distribution of the SIGW coupler, which shows that the isolated port 4 nearly has no power transmission from the frequency of 23.5 GHz to 30 GHz, but the power of through port 2 begins decreasing at 30 GHz. Especially, the II-EBG cells have two aspects of function. One is the same as the I-EBG, the other is the isolation. Varying the II-EBG period P 1 can adjust the isolation between port 1 and port 4, or port 2 and port 3. The simulated S14 for different period P 1 is presented in Fig. 12 . When P 1 is 2.3 mm, the isolation is lower than 20 dB from 25 GHz to 26.5 GHz. When P 1 equals 2.55 mm, equal to the period of the I-EBG cells, the isolation is larger than 20 dB, but the minimum value of S14 is not low enough. The peak isolation can reach 58 dB with P 1 equal to 2.9 mm. Therefore, the period of the II-EBG cells between the coupling ridge is larger than the period of the I-EBG cells, which can enhance the isolation of the SIGW coupler. 
III. EFFECTS OF THE VIAS ON THE RIDGE OF SIGW
The influence of the vias on the ridge of SIGW on cavity resonance and impedance matching is going to be discussed. The via-layout is given in Fig. 13 , where there are six vias. Fig. 14(a) shows the simulated S11 and S12 parameters for four cases: all six vias included, without via 1, or without via 2, or without via 3. Without via 1, S11 and S12 become worse at frequency of ∼25.5 GHz. Via 2 has a larger impact at ∼24 GHz. Via 3 has a larger impact at frequency of less than ∼27 GHz. Similarly, Fig. 14(b) shows another four cases: FIGURE 14. Simulated S11 and S12 for some vias removed given in the Fig. 13. all six vias included, without via 4, or without via 5, or without via 6. Via 4 has a larger impact at ∼ 26 GHz. Via 5 has a larger impact at ∼24 GHz. Via 6 has a larger impact at around 27 GHz. Without via 1, or 3, or 4, or 6, the transmission performance becomes worse; especially when via 3 or 6 is removed, the coupler does not work below 27 GHz. Fig. 14(c) shows the impact of individual via 2 or 5 as well as their combination, i.e. for three cases: without via 2, or without via 5, or without both via 2 and 5. Fig. 14(c) shows that the cavity resonance occurs at frequency of ∼27 GHz without both via 2 and 5 together. Therefore, thanks to symmetry property, the effect of via 2 and 5 is similar, which can efficiently suppress the cavity resonance. Via 1 and 4 further VOLUME 6, 2018 improve the performance, and via 3 and 6 ensure the passband of the coupler. FIGURE 15. Simulated S11 and S14 for different via diameters.
In addition, the S12 and S14 have been simulated with different diameters of the vias in Fig. 13 . The results are compared in Fig. 15 . The cavity resonance occurs at ∼28 GHz when D via is 0.4 mm. And the isolation is lower than 20 dB above 27.5 GHz when the diameter is 0.8 mm. Thus, the D via equal to 0.6 mm is considered the best.
IV. EXPERIMENTAL VERIFICATION
The fabricated SIGW coupler with PCB technology is presented in Fig. 16 . In the upper substrate, the coupling part (conducting ridge) comprises metal vias and printed microstrip line (copper-clad), and the printed circle patch (copper-clad) and metal vias form the period mushroom EBG. For better connection, the microstrip line is also printed on the top of the lower layer. In addition, the upper and lower substrate are connected together with the nylon screws (not by glue). For convenient measurements and assembly, the connectors are placed on the two sides of the upper substrate, and the microstrip line on the top of the lower substrate is extended with the arc band. In order to analyze the effects of the arc band, it is added to SIGW for simulation. The structure of the SIGW is shown in Fig. 17(a) and the structure with arc band is presented in Fig. 17(b) . The comparison of the simulated S parameters of the SIGW with/without arc band is shown in Fig. 18 . It can be seen that the loss of the arc band is very low and can be ignored. Thus, expanded arc microstrip nearly does not increase the loss of the proposed coupler. The SIGW coupler is measured with a vector network analyzer (Keysight N5234A). Fig. 19 shows the measured and simulated S parameters, in which the arc microstrip is included in simulation. Both simulation and measurement indicate the isolation is higher than 20 dB in the passband from 23.59 to 29 GHz. The measured return loss is roughly below -15 dB in the passband. It is also seen that the measured slightly differs from the simulated. The possible reasons may be: 1) the upper and lower substrate are combined together by just nylon screws, causing weak contact between the two layers; 2) the used substrates are relatively thin and flexible, which may result in fabrication inaccuracy; and 3) the machining accuracy is just 0.02 mm, which is not high enough. Fig. 20 shows the measured and simulated phase difference between the through and coupled port, which is around 90 0 or -270 0 . In other words, the two ports differ π/2 in phase. 
V. PERFORMANCE COMPARISON
To compare the performance of the proposed SIGW coupler with the reported, Table 3 summarizes comparisons with the SIW, RGW, and PRGW coupler. The hybrid SIW coupler in [10] has isolation below 15 dB from 34.59 to 35.19 GHz. Thus, the SIW coupler is considered narrow band. Also, the phase of the SIW coupler differs just 2 0 and the fabrication is simple and cheap. The RGW coupler proposed in [19] is centered at 15 GHz, and a wide frequency band of 16.6% is achieved. In addition, the RGW coupler is of low loss, with insertion loss of both ports just 0.7 dB. But, the RGW coupler was made with metal and the footprint is considered large with expensive fabrication. A PRGW coupler was proposed in [21] , in which PMC layer is made of substrate, and the PEC layer is the metal lid. The footprint of the PRGW coupler has a smaller dimension with cheaper fabrication. The center frequency (f c ) of the PRGW coupler is 30 GHz with bandwidth of 6%, i.e. very narrow. This proposed SIGW coupler is based on substrates, in which the SIGW is made of a substrate gap rather than air gap. The proposed SIGW coupler dimension is λ g × λ g , with 20% frequency bandwidth from 23.59 to 29 GHz. Compared with the GW and PRGW coupler, the frequency bandwidth of this SIGW coupler is much wider, and the isolation between the input and the isolated port is higher than 20 dB, which is higher than those of the other couplers.
VI. CONCLUSION
A SIGW wideband 3-dB coupler has been presented. The structure and design have been described in detailed, and the SIGW operates from 23.59 to 29 GHz, covering the 5G frequency bands of 24.25 GHz-27.5 GHz and 27.5 GHz-28.5 GHz. Moreover, it is found that the vias in SIGW have a strong impact on the cavity resonance and impedance matching. The proposed SIGW coupler has been fabricated and measured, agreeing well with the simulated. Compared with the SIW, GW and PRGW coupler, the proposed SIGW coupler has wider passband and higher isolation.
